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Background: In the present study, we investigated whether DJ-1 could serve as a biomarker for 
assessing the biocompatibility of multiwalled carbon nanotubes (MWCNTs), using the highly 
purified carbon nanotube, HTT2800.
Methods: Using Western blot analysis, we determined DJ-1 protein levels in two different 
types of cells (one capable and the other incapable of HTT2800 endocytosis). Using quantitative 
real-time polymerase chain reaction, we also investigated the ability of purified nanotubes to 
alter DJ-1 mRNA levels.
Results: We demonstrated that the DJ-1 protein concentration was reduced, regardless of the 
cytotoxic activity of intracellular HTT2800. Furthermore, HTT2800 decreased the DJ-1 mRNA 
levels in a dose-dependent manner. This decrease in DJ-1 mRNA levels was not observed in the 
case of Sumi black or cup-stacked carbon nanotubes.
Conclusion: These data indicate that modification of DJ-1 expression is caused by the cell 
response to MWCNTs. We conclude that DJ-1 is a promising candidate biomarker for the 
development of biocompatible MWCNTs.
Keywords: multiwalled carbon nanotubes, DJ-1 protein, Western blot, quantitative real-time 
polymerase chain reaction
Introduction
Carbon nanomaterial technology, including the development of sp2-based carbon 
nanotubes, has advanced greatly during the last 25 years. The nanoscale size 
and extraordinary physicochemical properties of multiwalled carbon nanotubes 
(MWCNTs) have proven very useful in a wide variety of applications, including 
nanocomposites, sensors, energy storage, energy-conversion systems, field-emission 
displays, radiation sources, medical applications, and other nanodevices.1,2 MWCNTs 
can be mass-produced by chemical vapor deposition methods, especially the floating 
reactant method.3 Simultaneously, occupational and public exposure to manufactured 
nanomaterials has increased significantly. Carbon materials boast high biocompatibility. 
However, because of their unique nanoscale size and high aspect ratio (.100), 
MWCNTs, like asbestos, may present important human health hazards.4–7
The human body can be exposed to MWCNTs through five possible routes, 
ie,   inhalation of airborne carbon nanotubes, dermal penetration by skin contact, 
injection of engineered MWCNTs, implantation of composite MWCNTs, and   ingestion 
with drinking water or food additives. Once in the body, MWCNTs are thought to be 
  biopersistent.8 Safety evaluations of MWCNTs have been performed using in vitro 
and in vivo models.9–12 However, there is no consensus as to whether or not MWCNTs International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com
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affect the human body. Thus, it is important to identify 
  biomarkers that clarify whether MWCNTs are taken into the 
system, regardless of their ultimate effect. Such biomarkers 
will also prove useful for the development of biocompatible 
MWCNTs.
DJ-1 protein, encoded by the PARK7 gene, belongs to 
the peptidase C56 family. It functions as a redox-sensitive 
chaperone (a sensor for oxidative stress), ultimately 
protecting neurons against oxidative stress and cell death.13–15 
Moreover, it has proven to be a biomarker for Parkinson’s 
disease and some types of cancer.16–18 Using a proteomic 
approach, we recently revealed that expression of this protein 
decreased when U937 cells were exposed to MWCNTs for 
4 days. However, we did not detect biological responses, 
such as pathological or histological changes, by conventional 
methods.19,20
In the present study, we investigated whether DJ-1 could 
serve as a biomarker for biocompatible MWCNTs. We used 
the highly purified carbon nanotube, HTT2800, and two 
different types of cells (characterized by their contrasting 
biological responses to HTT2800).
Methods
carbon nanomaterials
We used the highly purified MWCNT, known as HTT2800, 
described in detail previously.3 In brief, HTT2800 is char-
acterized by a high aspect ratio, a diameter of 100–150 nm, 
and length of 10–20 µm. The autoclave sterilization 
conditions were 121°C for 15 minutes. HTT2800 was 
  dispersed with 0.1% gelatin (Nacalai Tesque, Kyoto, 
Japan) in phosphate-buffered saline and sonicated for 
30 minutes. We used other carbon materials, ie, Sumi black 
(Unique Tattoos, Subiaco, Australia) 30–50 nm in particle 
size, and cup-stacked carbon nanotubes (GSI Creos, Tokyo, 
Japan) 100 nm in diameter and 0.5–20 µm in length. These 
were autoclaved and dispersed in the same manner used 
for HTT2800.
cell culture
The monoblastic human cell line, THP-1, and the human 
malignant pleural mesothelioma cell line, MESO-121, 
were purchased from Riken (Ibaraki, Japan). The cells 
were   cultured in RPMI 1640 supplemented with 10% fetal 
bovine serum, at 37°C in a 5% CO2 humidified incubator, and 
  passaged twice a week. For each study, the cells were seeded 
at a density of 4 × 104 cells/mL (THP-1) and 2 × 104 cells/mL 
(MESO-1). The MESO-1 cells were allowed to adhere for 
24 hours.
Alamar blue assay
To determine the proliferation of cells exposed to   different 
concentrations of HTT2800, we performed an Alamar 
blue assay (Invitrogen, Carlsbad, CA) according to the 
manufacturer’s instructions. The cells were incubated 
for 4 days at 37°C in the culture medium, with various 
  concentrations of HTT2800, in 96-well culture plates. The 
control cells were cultured in a dispersant medium containing 
0.001% gelatin (DM). Viable cells metabolized the dye. This 
resulted in an increase in fluorescence by excitation/emission 
at 550 nm/600 nm, recorded by a fluorescence multiplate 
reader (PowerScan 4, DS Pharma Biomedical, Osaka, Japan). 
Cell proliferation was calculated as follows: proliferation 
rate = 100× experimental value/each dispersant medium 
value. Test media were assayed six times.
Observation of cells exposed  
to HTT2800
THP-1 and MESO-1 cells were incubated for 4 days with 
100 µg/mL and 10 µg/mL of HTT2800, respectively, and 
stained with 1 µg/mL of bisbenzimide H33342 fluorochrome 
trihydrochloride (H33342, Nacalai Tesque) for 30 minutes at 
37°C in a 5% CO2 incubator. The stained cells were observed 
through an Axio Observer Z1 fluorescence microscope 
(Zeiss, Jena, Germany) with excitation at 360 nm. The cells 
were visualized by light or fluorescence microscopy using 
a ×40 objective.
Western blot analysis
The cells were incubated with or without HTT2800 for 
4 days in culture dishes (∅6 cm). After incubation, the cells 
were washed three times with 250 mM saccharose in 10 mM 
  Tris-HCl (pH 7.0) and solubilized in lysis   solution containing 
7 M urea, 2 M thiourea, 4% CHAPS, 5% β-mercaptoethanol, 
and 0.5% IPG buffer (pH 3–10, Bio-Rad, Irvine, CA). Cell 
lysates were centrifuged at 14,000× g for 5 minutes, and the 
protein in the supernatant was quantified using Coomassie 
Plus Assay Reagent (Thermo Scientific, Rockford, IL). 
The total protein solution was diluted 1:1 with Laemmli 
sample buffer (Bio-Rad) and boiled for 5 minutes. The pro-
teins were then separated on 12.5% sodium dodecyl sulfate 
polyacrylamide electrophoresis gel (e-PAGEL, ATTO, Tokyo, 
Japan) and transferred onto a polyvinylidene fluoride mem-
brane (Bio-Rad). The membrane was blocked with × 1 non-
protein blocking agent (ATTO) in phosphate-buffered saline 
with 0.1% Tween 20, for 30 minutes at room temperature, 
and probed with the primary rabbit antihuman DJ-1 antibody 
(sc-32874, Santa Cruz Biotechnology, Santa Cruz, CA) for International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com
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one hour at room temperature. After washing, the membrane 
was incubated with the secondary antirabbit IgG, horserad-
ish peroxidase-linked species-specific whole antibody from 
a donkey (GE Healthcare, Little Chalfont, UK) for one 
hour at room temperature, and then developed with ECL-
plus chemiluminescent detection reagent (GE Healthcare, 
  Piscataway, NJ). The membrane was stripped with Restore 
Plus Western blot stripping buffer (Thermo Scientific), and 
detection was repeated using the primary monoclonal anti-
β-actin antibody (Sigma-Aldrich, St Louis, MO) and the anti-
mouse IgG, horseradish peroxidase-linked species-specific 
whole antibody from sheep (GE Healthcare). The obtained 
bands were quantified by Quantity One software (Version 4, 
  Bio-Rad). The expression of DJ-1 protein was represented 
as a percentage of dispersant medium, after correcting the 
value by the quantified β-actin.
Immunocytochemistry
The cells were incubated with or without HTT2800 for 4 days 
on culture chamber slide. After incubation, the cells were 
washed once with phosphate-buffered saline, blocked with 
10% normal goat serum in phosphate-buffered saline for 
30 minutes, and probed with the primary rabbit antihuman 
DJ-1 antibody overnight at 4°C. After washing, the slides 
were incubated with the secondary antibody (Alexa Fluor® 
594 goat antirabbit IgG, Invitrogen) for one hour at room 
temperature, and then mounted with 90% glycerol contain-
ing 1 µg/mL H33342. The cells were visualized using an 
LSM510 NLO laser-scanning confocal microscope (Zeiss) 
with a ×63 objective.
Isolation of total rNA and quantitative 
real-time polymerase chain reaction
MESO-1 cells were washed three times with ice-cold 
  phosphate-buffered saline. The cells were harvested in 
500 µL of TRIzol reagent (Invitrogen) and total RNA was 
extracted. One microgram of each total RNA preparation was 
then reverse transcribed using ReverTra Ace (Toyobo, Osaka, 
Japan) and 2.5 µM random primers. Quantification of mRNA 
levels was performed using the ABI Prism 7000 Sequence 
Detection System (Applied Biosystems, Foster City, CA) and 
the First Start Universal SYBR Green PCR Master Mixture 
(Roche Applied Science, Mannheim, Germany) with the 
following primer pair sets: DJ-1, QuantiTect® Primer Assay 
(Hs_PARK7_1_SG, Qiagen, Dusseldorf, Germany); and 
GAPDH 5′-CTGCACCACCAACTGCTTAG-3′ (forward) 
and 5′-GGGCCATCCACAGTCTTCT-3′ (reverse). The 
cycling parameters for these assays were: 50°C for 2 minutes, 
95°C for 2 minutes, 40 cycles of 95°C for 30 seconds, and 
finally, 60°C for one minute. Quantitative results were 
obtained from the Ct values, which were the inverse ratios 
relative to the starting polymerase chain reaction product. 
The relative quantification was obtained by calculating 2−∆Ct, 
where ∆Ct = Cttarget gene – CtGAPDH. Quantification of the cDNA 
levels for each gene was performed using three replicates of 
each cDNA sample obtained.
statistical analysis
Data are presented as the mean ± standard error of the mean. 
The Student’s t-test was applied, and P , 0.05 was considered 
to be statistically significant.
Results and discussion
To identify potential biomarkers for MWCNTs in vitro, we 
used two different cell lines, ie, THP-1 and MESO-1. We 
recently reported that DJ-1 protein expression decreased when 
U937 cells were exposed to MWCNTs for 4 days; however, 
carbon black levels were not altered in response to DJ-1.20 
Similar to U937 cells, THP-1 human acute   monocytic leuke-
mia cells have the ability to differentiate into   macrophages.22 
The objective of the present study was to confirm whether the 
expression of DJ-1 in U937 cells is   universal. We recently 
also reported that exposure of BEAS-2B cells (derived from 
human bronchial epithelium) to HTT2800 proved cytotoxic,23 
causing arrest of proliferation. One of the most significant 
differences between U937 and BEAS-2B cells is their 
  surface adhesiveness. Therefore, in the   present study, we 
used adherent MESO-1 cells (derived from human malignant 
pleural mesothelioma) to evaluate DJ-1 protein expression 
upon exposure to MWCNTs. Pulmonary mesothelial cells 
are thought to constitute the crucial cell type for asbestos 
toxicity.
The proliferation of THP-1 and MESO-1 cells exposed 
to HTT2800 for 4 days was clearly different (Figure 1A). 
While the propagation of MESO-1 cells was suppressed by 
HTT2800 in a concentration-dependent manner (with a few 
dead cells observed in the culture dish), THP-1 cells were 
not affected by the nanomaterial. Figure 1B depicts the cell 
images after 4 days of culture with or without HTT2800. In 
the case of MESO-1 cells, endocytosis of MWCNTs was 
clearly observed. These results were in accordance with a 
previous report, in which a similar effect was observed in the 
BEAS-2 cell line.23 By contrast, in the case of THP-1 cells, 
MWCNTs adhered around the cells, but were not ingested. 
This response was similar to that previously observed in 
U937 cells.19International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com
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Figure 1 Influence of HTT2800 on cell viability. MESO-1 and THP-1 cells were exposed to varying concentrations of HTT2800 for 4 days. (A) cell viability assessed by 
Alamar blue assay (B) Merged image of differential interference contrast and fluorescence in MESO-1 and THP-1 cells exposed to HTT2800 (nuclei were stained with 
H33342; bars in red indicate 20 µm).
Notes: Data are compared with dispersant medium, n = 6, mean ± standard error of the mean, *P , 0.001.
Abbreviation: DM, dispersant medium containing 0.001% gelatin.
Figure 2A shows the expression levels of DJ-1   protein, 
determined by means of  Western blot analysis. In comparison 
with the vehicle control, the quantity of DJ-1 detected 
in THP-1 cells exposed to 100 µg/mL of HTT2800 was 
reduced to 67%. This finding is in accordance with the 
results obtained with U937 cells exposed to MWCNTs 
for 4 days, analyzed using the proteomic approach.19 The 
decrease rate observed in the present study was lower than 
that previously documented,24 because our Western blot 
quantitative analysis was performed by summing oxidized 
and reduced DJ-1, whereas Duan et al separated the protein 
using two-dimensional electrophoresis. Correspondingly, in International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com
Dovepress 
Dovepress
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Figure 2 DJ-1 protein expression after HTT2800 exposure. MESO-1 and THP-1 cells were exposed to varying concentrations of HTT2800 for 4 days. (A) expression of 
DJ-1 protein was normalized to β-actin and represented as the ratio compared with dispersant medium (n = 4, mean ± standard error of the mean). (B) cellular localization 
of DJ-1 protein in MesO-1 cells after exposure to 10 µg/mL of HTT2800 for 96 hours (DJ-1 was stained with Alexa Fluor® 594 and nuclei were stained with H33342).
Note: Bars in white indicate 10 µm.
Abbreviation: DM, dispersant medium containing 0.001% gelatin.
MESO-1 cells exposed to 10 µg/mL of HTT2800, DJ-1 
expression was reduced to 68% compared with the vehicle 
control.
It has been reported that oxidative stress induces intra-
cellular redistribution of DJ-1.25 Therefore, we performed 
immunofluorescence staining of DJ-1. However, we observed 
no changes in intracellular localization of the protein 
(Figure 2B).
We further investigated the expression of DJ-1 mRNA 
in MESO-1 cells by quantitative real-time polymerase chain 
reaction. MESO-1 cells are adherent and separation of 
the MWCNTs is easy. Thus, in comparison with cell lines 
characterized by nonadherent cells, MESO-1 cells are more 
advantageous when developing an evaluation method for 
highly biocompatible MWCNTs in vitro. The decrease in 
DJ-1 mRNA expression was time-dependent and statistically 
significant after day 2 (Figure 3). Our quantitative real-time 
polymerase chain reaction results indicate approximately 
50% reduction in expression, which is larger than that 
observed in the case of Western blotting. However, this find-
ing is in accordance with the decrease in DJ-1 expression 
previously demonstrated using the proteomic approach.19
Duan et al reported that total and reduced DJ-1 expression 
in human pneumocytes was decreased by hydrogen 
  peroxide.24 Moreover, we recently demonstrated that purified 
MWCNTs tended to increase the production of intracellular 
hydrogen peroxide in human bronchial epithelial cells, one 
hour and 24 hours after exposure. This was accompanied 
by the accumulation of other intracellular reactive oxygen 
species after 24 hours (submitted for   publication). MWCNT 
endocytosis does not occur as early as one hour after 
exposure. Nevertheless, augmentation of the intracellular International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com
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hydrogen peroxide level at this time point may indicate the 
requirement for cells to come into contact with MWCNTs. 
In the present study, THP-1 cells only contacted MWCNTs, 
and did not endocytose them. Thus, the decrease in DJ-1 
expression may have been caused by an intracellular hydrogen 
peroxide boost, generated by the contact between THP-1 cells 
and MWCNTs.
We evaluated the influence of other types of carbon nano-
materials on DJ-1 mRNA levels in MESO-1 cells (Figure 4). 
Cup-stacked carbon nanotubes did not change the expression 
level. By contrast, Sumi black increased it by 1.8-fold. At a 
concentration of 10 µg/mL, neither of the carbon nanomate-
rials showed cytotoxicity, but both were endocytosed (data 
not shown). Moreover, the pattern of cytokine secretion 
in THP-1 cells exposed to Sumi black differed from that 
observed in THP-1 cells exposed to MWCNTs (submitted 
for publication). Our results indicate that different physical 
properties of the carbon nanomaterials used were recognized 
by the cell membrane, resulting in distinctive responses. Our 
previous finding that HTT2800 converted the differentiation 
pathway of C2C12 myoblasts into that of adipoblast-like 
cells26 further supports this hypothesis.
DJ-1 exists abundantly in the human body, with extremely 
diverse functions. However, it remains to be determined 
whether it has a tissue-specific or organ-specific role. We 
propose that, by measuring the expression of DJ-1 in blood 
cells, it may be possible to determine the extent of MWCNT 
exposure. In the present study, we observed a reduction in 
DJ-1 protein expression, regardless of the cytotoxic activity 
of intracellular HTT2800. Moreover, exposure to HTT2800, 
but not to Sumi black or cup-stacked carbon nanotubes, 
caused a reduction in DJ-1 mRNA levels. Thus, we conclude 
that DJ-1 is a novel biomarker for the development of bio-
compatible MWCNTs.
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